. The model. The definition of the employed function with a, b and e being related to the transcriptional rates from the free promoter, from the promoter bound with one factor, and from the promoter bound with both factors, respectively; c and d being the binding constants of the two factors X and Y, respectively; f, the binding cooperativity/competition constant of the binding of X and Y; and n and m being the multimerization or cooperativity coefficients (i.e. generally referred to as Hill coefficients). See also the associated Supplementary Table 1.
Supplementary Figure 11. Design of the multiple cloning site (MCS).
Promoters and repressor binding sites are cloned between EcoRI and SacI. Three spacers occupy the place where genes and their ribosomal binding sites (RBS) can be cloned. These are found between (1) NotI and SbfI, (2) KpnI and BamHI, and (3) SalI and NcoI. Pairs of alternative restriction sites also flank each gene insertion site: (1) SpeI and BbvCI, (2) Afl II and KasI, and (3) MluI and AscI. Primers (labeled "seq") are used for verifying gene insertion and for sequencing. Multiple transcription terminators (T7 terminator, rrnB terminators T1 and T2) compose the end of the MCS.
Supplementary Figure 12.
Generic sequences flanking the genes in pUC57. The gene coding for superfolder GFP with the LVA degradation tag is shown as an example. Figure 13 . Plasmid maps for the networks built in this study. The 3-node networks, were built with one node on each of the 3 compatible plasmids (pCOLA, pCDF, pET). The 2-node archetypal stripe-forming (I0) network was built with 2 plasmids (pCOLA, pET). The GenBank accession codes are given at the bottom of each plasmid. Figure 14 . The recovery of the spike RNA is linear and constant. Different amounts of spike RNA were added to cell samples with low (green circles), medium (orange squares) and high expression (blue triangles) of a synthetic network. The RNA of the samples was extracted and reverse transcribed and quantified by qPCR. The amount of measured output spike molecules was proportional to the amount added to each sample and independent of the network expression level. For subsequent experiments, 2 ng (1.31  10 9 molecules) of spike RNA were added to each sample. Thus, the absolute RNA production of each network node per cell could be estimated (see Supplementary Methods).
Supplementary

Supplementary Tables Parameter Definition Mutations might affect
Non-dimensional factor Hill exponent Hill exponent RNAP and TetR (nM -1 ); ω, non-dimensional factor including binding independence/cooperativity. Q is a rescaling factor which allows us to convert our measurements (mRNA molecules/cell) to concentrations for the model (here Q = 1, i.e. 1 nM implies 1 molecule/cell 16 Supplementary Tables 2-6 . Also see Supplementary Fig. 7 for the engineered changes and Supplementary 
Supplementary
Supplementary Methods
A) Computational Methods
Complexity atlas
We have performed a computational exploration of all 3-gene networks that are capable of transforming a input gradient into a stripe of gene expression. For this purpose we employed a simulation code build inhouse 8 . Resuming the assumptions and approximations of Cotterell and Sharpe 8 , we consider that one of the three genes receives the input, and that a set of random parameters is functional if at least one of the genes produces a single-stripe expression. For the current study, a few modifications have been considered with respect to the previous study 8 . These modifications are as follows:
 Self-inhibitions are not considered, because they do not introduce a qualitative change in the stripeformation process 9 .
 There is no diffusion of the gene's products outside the cell, because our synthetic networks are composed of cell-autonomous factors.  To limit the number of parameters in this extensive exploration, the production rate from any gene g is defined as follows:
(1) where the binding constants c, d and k take random and uniform values [0, 1 = MaxConcentration] with MaxConcentration = 1/δ, and δ = 0.05 fixed value for the degradation rate. Notice that we consider the same exponent for all genes, and more precisely its value is n = 2. The value 0.01 in the nominators constitutes a low basal level. In the case a gene receives no activating input, this low basal acquires a high value, that is 1, and the promoter is thus considered constitutive.

The input (morphogen) has a distribution given by M = Id C , with I = 10, d = 0.93, and C the cell number [1, 52] . The binding constant for the morphogen to the genes is constant for all genes and equal to 3.  Here, we define a stripe as a region of at most 36 cells of high expression, preceded and followed by a region of low expression, where "low" refers to values lower than 30% of MaxConcentration, and "high' refers to values higher than 30% of MaxConcentration.
The number of solutions that each topology has is a measure of its mutational robustness ( Supplementary Fig. 2) . A network must have at least one solution to be considered functional.
The assumptions of the current model, the introduction of constitutive promoters and AND-type signal integration produce inherent differences in the resultant complexity atlas when compared to the one from our previous work 8 .
The fitting software ROOT 10 (root.cern.ch) is an object-oriented framework that has a C/C++ interpreter (CINT) and C/C++ compiler (ACLIC). Developed at CERN, ROOT is used extensively in High Energy Physics for "data analysis", reading and writing data files, and calculating a wide range of embedded statistical procedures. As a free and C++-based analysis software, it allows the user to put together and combine the fitting functions and methods provided by ROOT into an analysis code specifically adapted to the particularities of the problem studied. Among the myriad of functionalities of ROOT, we have employed mainly the fitting histograms and data points, together with the associated 2D visualization tools. Fitting in ROOT is based on the Minuit package that provides Maximum Likelihood Estimates through Local Optimization (root.cern.ch/root/html/TMinuit.html). It includes fitting nonlinear functions with limits on variable parameters and reliability measures on error estimates. We have chosen to employ the ROOT platform for the fitting procedure and develop a battery of methods adapted to the experimental procedures and the resultant data features. We have synthetically built and subsequently modeled 5 topologies of genetic circuits (Fig. 4-6 and Supplementary Fig. 7 ). For each topology, we have built several constructs distinguishable by certain controlled mutations (Fig. 5-6 and Supplementary Fig. 7) . Within the mathematical model associated to the genetic circuit, and thus within the fitting procedure, the distinct constructs associated to the same topology share certain parameters, while varying others. Due to this particularity, we have developed an analysis procedure that collectively fits the data associated to a given topology by defining a combined likelihood function. In the following, we describe the mathematical model and the collective likelihood function employed.
The model
For the fitting of the experimental data, we have employed a Hill-like function kinetic model 11 for characterizing the gene-regulation function. While more general gene-regulation frameworks exist 12 , we have chosen to employ the current kinetic model for being widely and successfully used in the description of prokaryotic 13 and even mammalian regulation 14 , and for being subject to the analytical and simulation tools of nonlinear ODEs. We describe the model in Supplementary Fig. 1 . Within the generality of the model, we have specifically defined the parameters of the models in terms of phenomenological rate constants and other physical parameters (Supplementary Table 1 ) in order to allow for a direct comparison of the inferred rate constants across the constructed networks, and eventually with known values from the literature. Let us consider as an example an activator X and an inhibitor Y regulating the expression of gene Z ( Supplementary Fig. 1 ). If the level of mRNA can be measured for X, Y and Z, then we expect the mRNA level of Z to be given by Eq. (2) (Supplementary Fig. 1 ) where X, Y and Z are the number of mRNA molecules per cell, and the constants are defined as follows: a -the basal transcription rate; b -transcription rate for the active form; e -transcription rate when both the activator and the inhibitors are bound; c -the binding constant for the activator X; d -the binding constant for the inhibitor Y; f -cooperativity factor indicating whether X and Y have a positive cooperativity (f > 1) or a negative cooperativity (f < 1). The exponents n and m generally referred to as Hill coefficients reflect the multimerization of X and Y, respectively, multiple binding sites or titration/sequestration effects 15 . In the experimental framework employed in this study, the exponents are generally n = 1 for the activators (SP6 RNAP, T7 RNAP) and m [1, 4] for the repressors (lacI, TetR). When titration effects are expected, such coefficients can take higher values 15 . The detailed definitions of the parameters are in Supplementary Table 1 .
We wish to point out that the Hill-like function (Eq. 2) ( Supplementary Fig. 1 ) naturally allows for constitutive promoters (high value of parameter a) and for a fine tuning of the degree between OR-and AND-gates (the parameters e and f). In order to provide the direct relation to biological meaning that we aimed at, the function has many biologically-relevant free parameters (i.e. 3 parameters per link, compared to 1 parameter per link as in the connectionist case of the previous work 8 ). The experimental constructs involved 3-link 3-gene incoherent feed-forward motifs, where thus a gene could have at most two inputs. However, the large scale exploration of the complexity atlas included more complex networks, and thus more parameters. For this reason, we fixed the values of some of these parameters for the numerical simulations of the complexity atlas. For example, the above two-input function in Eq. (2) would appear in the simulated atlas as:
where f=1 and a,b,e have fixed values depending on the nature of X and Y (both activators, both inhibitors, or distinct). In other words, while the complexity-atlas model and the synthetic-constructs model share similar mathematical expressions, the latter has more degrees of freedom than the former. We expect that a complexity atlas of more free parameters would show a higher degree of connectedness, but would require substantially longer simulation time.
The fitting procedure
The experimental protocols and the mutant constructs associated to each of the 5 genetic circuits allow us to determine the parameters of the regulation function for the individual interactions. This is to say, the collected data allow each interaction of the type A B, where implies either activation or inhibition, to be fitted to a Hill function and the associated parameters obtained. The feedforward nature of the genetic circuits built, allows us to fit the data at steady state (Eq. 7-9), instead of requiring the modeling and associated fitting of the full ordinary differential equations (Eq. 4-6). Let us consider the steady-state approximation in detail for the case of the archetype network I0 as the simplest network of our study. In this case, the full systems describing the temporal evolution of the concentrations of TetR, SP6 RNAP and GFP is:
At steady state, the values of the concentrations are given by:
Several constructs have been built for the archetype 2-node topology distinguishable by mutations at specific interactions. These are enumerated in Supplementary Table 2, illustrating that several parameters are shared among constructs. Due to this feature, we consider it appropriate to define a combined likelihood function that collectively produces a fit for all constructs. This likelihood function is defined through the parameters from Supplementary Table 2 as follows:
Where
with N, the total number of experimental points, and σ i , the standard deviation of the measurement i in the concentration of SP6 RNAP. Similar definitions are for the TetR data, for the GFP data of mutant 1, and so forth. The algorithm MIGRAD from the Minuit package of the ROOT software searches for the values of the parameters that minimize the total defined in Eq. (10) . In addition to the definition of the parameters in Supplementary Fig. 1 , the greek letters α, β, γ are used for the mutant networks. They are nondimensional factors that multiply parameters of the WT circuit. As an example, the factor β T for the archetype in Eq. (10) multiplies the binding parameter d of the TetR for mutant 1. In this case, it is expected from the literature that β T >1 (Supplementary Table 7 ).
For all 5 genetic circuits, we have one construct for which we measure the mRNA/cell for all nodes, in addition to the fluorescence levels of the GFP node. From these data, we can establish an equivalence relation between mRNA/cell and the fluorescence levels of the GFP. While for the rest of the constructs associated to the same topology we have measured only fluorescence levels, we employ this equivalence relation to transform all fluorescence data into mRNA/cell. In so doing, the parameters defined in Supplementary Table 2 of the archetype example have the biological meaning defined in Supplementary  Table 1 . Finally, within the fitting protocol, we have applied the following 3-step procedure:
1.
Within each topology, we fit a linear equivalence relation between both RNA/cell and fluorescence levels for those constructs for which we have measured both RNA/cell and fluorescence levels. We employ this relation to transform the fluorescence data into RNA/cell data for the rest of the constructs. In the subsequent fitting procedures, all data consist in RNA/cell for all genes.
2.
We individually fit each interaction to determine the parameters of the Hill-function (one-input interactions) and Hill-like function equation (2) (two-input interactions).
3.
After establishing the interval for the parameters' values from these individual fittings, we perform a collective fit of all constructs within one topology using a combined likelihood function equivalent to Eq. (10). The collective fit imposes the parameters to be common among the constructs. The input into the collective fit is the concentration of arabinose, and the output consists in the expected behavior of all "nodes" of the network, and the associated parameters of the regulation function. Figure 1 in the main text includes the phase portraits of the 4 incoherent feed-forward networks, illustrating the dynamical process of stripe formation through the movement of nullclines and thus steady states. While schematic, the 4 cases correspond to 4 specific networks with particular parameter values as they resulted from the complexity atlas simulations. In order to establish a mechanistic process of stripe formation and a direct relation between the regulation function used in atlas simulations and the one used for data fitting, we analytically establish the movement of the green nullcline as the morphogen changes. In other words, we show that the same mechanism of stripe formation (i.e. movement of nullclines under the morphogen gradient) occurs in both models using I1 and I3 as example. Supplementary Fig. 8 shows the calculated nullclines for I1 and I3 using the fitted parameters (Supplementary Table 3 and Supplementary Table 5 ; respectively) of the synthetic circuits. They are qualitative the same as the nullclines calculated from the complexity atlas (Fig. 1) .
Comparison of feed-forward loops from the complexity atlas and the experiments
For the I1 network ( Supplementary Fig. 8a ), we draw a phase portrait that shows GFP (or gene B) versus the repressor (lacI, gene C). In order to understand how the GFP nullcline moves under the change in morphogen, we re-write the formula of Eq (2) considering the protein A (SP6 RNAP) as a constant: (12) This tells us that the green curve GFP(C) has the shape of a Hill function whose constants (height and threshold point) depend on A. The height of the green nullcline when the repressor is zero (C=0) is given by (13) Therefore, the green nullcline at C=0 has a height approximated by the value of the parameter a when A is small, and by the value of the parameter b when A is large. Consequently, from the values of the parameters (Supplementary Table 3) , the height of the green nullcline increases as the morphogen and thus A increase, i.e. measured at C=0, the green nullcline extends upwards as arabinose the increases.
For the I3 network ( Supplementary Fig. 8a ) we calculate a phase portrait that shows GFP (or gene B) versus the activator (T7 RNAP, gene C). In order to understand how the GFP nullcline moves when the morphogen changes, we re-write the formula from Eq. 2 considering the protein A (lacI) as a constant: (14) which tells us that the green curve GFP(C) has the shape of a Hill function whose constants (height and threshold point) depend on A. The basal of this sigmoidal is: (15) The height or maximum value of the green nullcline when the activator C is large is given by (16) telling us that for low inhibitor A (low arabinose), the height is equal to the parameter b, while for high A (high arabinose), it decrease towards the value of parameter e<b.
B) Experimental Methods
Materials
Restriction enzymes and T4 DNA ligase were purchased from New England BioLabs (NEB). Oligonucleotides and chemicals (unless otherwise stated) were ordered from Sigma-Aldrich.
Media
Cloning steps used 1  Luria-Bertani medium (LB:10 g Bacto-tryptone, 5 g yeast extract, 10 g NaCl per 1 l), with appropriate antibiotic. Stripe experiments used 'Stripe Medium' (SM: 1  LB plus 0.4% (w/v) glucose, 50 μg/ml ampicillin, 15 μg/ml kanamycin and 25 μg/ml spectinomycin). Spectinomycin was omitted for the I0 network, and 0.75  LB was used for the I1 network.
Cloning
Restriction digests and ligations were performed with standard protocols 18 . Chemically competent TOP10 cells (Invitrogen) were used for subcloning. Plasmids were purified using QIAprep Spin Miniprep Kit (QIAGEN).
Network scaffold Overview
The three nodes of the network are contained in three compatible plasmids (pCOLA, pCDF, pET) each containing a multiple cloning site (MCS) for subcloning of the individual components and a set of transcriptional terminators (Fig. 2) . The plasmids contain different origins of replication (ori: ColA, CDF and pRB322) each with 20-40 copies per cell (Novagen user protocol TB055 Rev. C 0611JN) and antibiotic resistances (kanamycin, spectinomycin and ampicillin). The pCOLA plasmid constitutively expresses AraC and contains the P BAD promoter 19 . Therefore, the expression of genes cloned into this plasmid is induced by arabinose. The pET plasmid contains GFP (with a LVA degradation tag 3 ) for the fluorescent readout.
Plasmids
Plasmids pET-17b, pCDF-1b, pCOLA-Duet-1 were purchased from Novagen. lacI was removed from pCDF1b and pCOLA-Duet-1 by PCR 20 using the primers AvrII_XhoI_f and Xho_AvrII_r. These primers also introduced the restriction sites AvrII and XhoI. A multiple cloning site (MCS) was designed ( Supplementary  Fig. 8 ) and chemically synthesised (GenScript). The MCS was ligated into pET-17b (via BglII, AatII), pCDF-1b and pCOLA-Duet-1 (via XhoI, AgeI). AraC and the P BAD promoter were amplified from pBAD202 (Invitrogen) with the primers BglII_EcoRI_r and AvrII_pBAD_f and cloned into pCOLA-MCS (via AvrII, EcoRI). A BamHI restriction site in front of the P BAD promoter was removed by mutating one base pair (A→T) with the primers pBAD-BamHI T s and pBAD-BamHI T as.
Genes
All genes are "stored" in pUC57 plasmids, ready to be subcloned into the plasmid scaffolds by cutting with the respective restriction enzymes, followed by ligation. The genes are preceded by a ribosome binding site (RBS), an enhancer (epsilon sequence) and have an NdeI site at their start codon. Genes are flanked 5' by the restriction sites SalI, NotI and KpnI, and 3' by the restriction sites BamHI, SbfI and NcoI. An example (GFP-LVA) is shown in Supplementary Fig. 12 .
All genes contain a degradation tag. The T7 RNA polymerase (RNAP) and SP6 RNAP contain an N-terminal "UmuD" tag. It is composed of the first 29 amino acids of the SOS mutagenesis protein UmuD, with a linker (2GGGS), and targets associated proteins for Lon-mediated proteolysis 4, 21 . The remaining genes contain a C-terminal "LVA" ssrA tag 3 . The UmuD tags are flanked by two NdeI sites and the LVA tags by two StuI sites, allowing easy removal of the tags if required. UmuD-T7 RNAP, UmuD-SP6 RNAP and superfolder GFP-LVA 2 , were codon-optimized and synthesized by GenScript. Duplicate cloning restrictions sites were excluded. LacI was PCR-amplified from pCDF-1b with the primers lacI-f and lac-r. The primers introduced a 5' NdeI site, a C-terminal LVA-tag and a 3' BamHI site. TetR was PCR-amplified from pcDNA6/TR (Invitrogen) with the primers TetR-f and TetR-r. The primers also introduced 5' KpnI and NdeI sites, a C-terminal LVA-tag and a 3' BamHI site. All genes were cloned into pUC57 containing the generic flanking sequences ( Supplementary Fig. 11 ). Split T7 RNAP 5 was cloned 20 from the codon-optimized UmuD-T7 RNAP in pUC57: The N-terminal fragment (UmuD-T7 RNAP N) was PCR-amplified with the primers Split T7 N-f and Split T7 N-r. The primers also introduced two stop codons. The C-terminal fragment (T7 RNAP C) was PCR-amplified with the primers Split T7 C-f and Split T7 N-r. The primers also introduced an ATG start codon.
Promoters and repressor binding sites
Promoters and repressor binding sites were ordered as oligonucleotides. The promoter oligonucleotides contain a EcoRI site overhang at the 5' end and a 6 nt long overhang at the 3' end. The repressor binding site oligonucleotides contain an overhang matching the promoter at the 5' end and a SacI site overhang at the 3' end. If no functional repressor binding site was required, the oligonucleotides termed Spacer_A were ligated to the T7 promoters and the oligonucleotides termed Spacer_B were ligated to the SP6 and constant promoters. The oligonucleotides were phosphorylated with T4 polynucleotide kinase (NEB). The sense and antisense oligonucleotides were annealed by heating to 95 °C and cooling slowly to room temperature. The annealed oligonucleotides were ligated into the plasmid scaffold, in between EcoRI and SacI. The sequences and relative activities of the SP6 promoter 7 , T7 promoter 17 and constitutive promoter variants (http://partsregistry.org/Promoters/Catalog/Anderson), as well as of lacI operator site variants 6 , were taken from the literature (Supplementary Table 9 ).
E. coli strain A descendant of strain BW27783 22 was used. In BW27783 22 the native araE promoter is replaced by a constitutive promoter. This results in a homogeneous cell population expressing genes under the control of the P BAD promoter, with a graded response to arabinose. In addition, in the strain used, lacI (ECK0342) was replaced by a chloramphenicol resistance gene (strain MK01 23 ) and tdk (ECK1233) was removed as previously described 24 .
The cells were made electrocompentent and aliquots were stored at -80 °C. The three plasmids (pCOLA, pCDF and pET) were transformed simultaneously using a Bio-Rad gene pulser Xcell electroporator. Transformed bacteria were plated out on stripe medium-agar plates. Glycerol stocks were prepared for longterm storage of transformed cells.
Fluorescence measurements on agar plate
For the detection of fluorescence from cells grown on an agar plate, we adapted previously-described protocols 25, 26 . Briefly, a single colony was picked and grown overnight in 5 ml SM ("Stripe Medium"). The optical density (OD) at 600 nm was measured and the culture was diluted to OD 0.15 in SM. 400 μl of the diluted culture were spread evenly over an SM-agar (1.5%, 20ml) Petri dish (90 mm diameter). The SM-agar contained 15 μM IPTG for I2 and 0.2 μM aTc for I0 (stripe). The plates were incubated at 37 °C for 1 h. Subsequently, a dry 1 cm diameter autoclaved paper disc was placed at the centre of the plate and 15 μl of 5% (w/v) arabinose were injected onto the disc. The plates were incubated at 37 °C for another 6 h (5 h for the I0 antistripe network). Fluorescence images were acquired with a Typhoon Trio imager (GE Lifescience) using 488 nm laser excitation and 526 nm short pass filter detection; 200 μm resolution and agar top focusing (+3 mm). Grayscale images were converted to green using Image Quant TL software (GE Lifescience). The contrast was enhanced by using the curves function of Photoshop.
Absorbance and fluorescence measurements A single colony was picked for each biological replicate and grown overnight in 5 ml "Stripe Medium" (SM). The optical densities (OD) at 600 nm were measured and the cultures were diluted to OD 0.0015 in SM (containing IPTG or aTc when indicated). 120 μl of the diluted culture and 2.4 μl of arabinose at 16 different concentrations (two-fold serial dilution) were added to the wells of a 96-well plate (BD 351172). Arabinose concentration ranges: 0-0.1% (w/v) for I1, I3, I0; 0-0.2% for I2; 0-0.4% (w/v) for I4. The absorbance at 600 nm and green fluorescence (excitation: 485 nm, emission: 520 nm) were measured every 6 min in a Tecan Infinite M200 plate reader (Infinite M200 Pro for I3) until the E. coli cells reached stationary phase (6 h for I1-I4, 5 h for I0). The temperature was 37 °C and, between readings, the plate was shaken for 220 s (orbital, 2 mm). A different gain of the fluorescence measurement was chosen for each stripe-mechanism (I1, I2, I3, I4, I0), but the same gain was then used for all mutants of one mechanism. The plates were incubated and read with their lids on to reduce evaporation. To avoid edge-effects only the central 60 wells of each plate were used (the remaining wells were filled with sterile SM). All measurements were obtained from three independent biological replicates, maintained simultaneously under identical conditions. For each experiment, control cells transformed with the empty plasmids (pCOLA-MCS, pCDF-MCS and pET-MCS for I1-I4, pCOLA-MCS and pET-MCS for I0) and were grown on the same plate. 6 control wells, containing only SM, were also measured at each time point and were used for background subtraction. The background fluorescence of the stripe medium was subtracted from the sample fluorescence. Identically, the background absorbance was subtracted from the sample absorbance. The background-corrected fluorescence was then normalized for the number of cells by dividing by the background-corrected absorbance. The background corrected normalized fluorescence at 6 h of growth (5 h for I0) are shown. In Fig. 4 the dynamics of the fluorescence over the last 1 h (2 h for I1) of growth are shown. The average of 3 biological replicates and standard deviations were plotted.
Re-growth for the exclusion of inactivating mutations
Cells were grown in the Tecan plate reader as described in the section "Absorbance and fluorescence measurements". For each replicate, 1 μl of the cultures grown either at 0% arabinose or at the highest arabinose concentration were diluted into 5 ml SM and grown overnight. Additional three colonies were picked from the agar plate and also grown overnight in 5 ml SM. The second round of absorbance and fluorescence measurements was performed as described above, with the change that the cells were assayed at 6 representative arabinose concentrations instead of 16.
RNA extraction
Cells were grown in the Tecan plate reader as described in the section "Absorbance and fluorescence measurements". 100 µl RNAprotect Bacteria Reagent (QIAGEN) were added to 50 µl cells. The samples were mixed, incubated and centrifuged according to the manufacturer's instructions. The cell pellets were stored at -80 °C until further processing. RNA was extracted using the Maxwell 16 LEV simplyRNA tissue kit (Promega). Briefly, the pellets were resuspended in 100 µl lysozyme (1 mg/ml in TE buffer, pH 8.0) and shaken for 5 min at RT. 100 µl of homogenisation solution (including 1-thioglycerol) were added, followed by 200 µl of lysis buffer. 2 ng of spike RNA and the cell lysates were transferred to the Maxwell cartridge and the remaining steps were performed by the Maxwell 16 instrument using the program "simply RNA". The RNA was eluted in 30 µl of water. The concentrations were determined by Nanodrop (ThermoScientific). The RNA was stored at -80 °C.
Reverse transcription (RT) 700 ng of RNA was treated with Deoxyribonuclease I, Amplification Grade (Invitrogen) according to the manufacturer's instructions. 8 µl of this reaction was directly used for reverse transcription using SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen). The reaction was performed according to the manufacturer's instructions, except omitting digestion of the RNA with RNase H. . All Primer sets were tested for specificity by melting curve and gel analysis. Each run also included positive controls with a known amount of the linearized plasmid and two negative controls (with no template and without reverse transcription). Primers were designed using Primer3Plus software 27 and sequences are given in Supplementary Table 13 . Three biological replicates were measured for each condition. Each qPCR was carried out at least in technical duplicate. DNA amounts were determined with the help of a standard ladder of known quantities of the corresponding BglII-linearized plasmid. Data were analyzed with LightCycler 480 software 1.5.0 with the "Abs Quant/2nd Derivative Max" analysis function.
Quantitative PCR (qPCR)
RNA
Normalization per cell
To obtain an estimate of mRNA copy numbers per cell 28 the cell lysates were spiked with a known amount (2 ng) of external RNA. The spike RNA (2630 nt) was produced using the MEGAscript T7 kit (Ambion Inc.). The template for transcription was a linearized pET-MCS plasmid containing the WT T7 promoter and 2 genes (hsvTK and a synthetic zinc finger). The mRNA was purified according to the RNeasy MinElute protocol (QIAGEN). Quality was monitored with a 2100 bioanalyzer (Agilent). Initially, the dose-response linearity was verified to ensure that the recovery of the spike RNA is linear in the range of concentrations of our samples (Supplementary Fig. 14) . The number of spike molecules was measured by qPCR as described above. A recovery rate of the spike through the process of RNA extraction, reverse transcription and qPCR was calculated by dividing the measured output amount by the input amount. The measured amounts of mRNA of the other genes were divided by the recovery rate to obtain the initial amounts of mRNA copies per sample. To calculate the number of mRNA copies per cell, this number was divided by the number of cells present in a particular sample. The number of cells per sample was calculated from the measured absorbance. In order to be able to correlate the absorbance measured by the Tecan plate reader to the number of bacteria in a sample, initially a standard curve of serial dilutions was generated and plated for viable counts. The measured absorbance was plotted versus the colony forming units (CFU). Linear regression yielded the following relation: CFU/ml = 1.872 10 9 *absorbance (background corrected).
